Indrani Chatterjee, Pavan Kadandale, and Andrew Singson
In the model nematode Caenorhabditis elegans, both sexes -males and hermaphrodites -produce sperm [1, 2] . The hermaphrodite can only produce several hundred sperm during its last larval stage; it then uses these sperm to fertilize the oocytes that it produces as an adult. This makes sperm a limited resource in the unmated hermaphrodite. Hermaphrodites therefore need to limit the number of metabolically costly oocytes that are ovulated in the absence of sperm.
The regulation of meiotic maturation by hormonal signaling is a highly conserved process [3, 4] . The progression of meiotic maturation is needed to prepare the oocyte for successful fertilization. Pioneering work in C. elegans demonstrated that the presence of properly differentiated proximal gonad sheath cells and sperm are required for mitogen-activated protein kinase (MAPK) activation in oocytes, meiotic progression and high rates of ovulation [5] [6] [7] . In 'genetic female' mutants that lack sperm, oocytes remain arrested in diakinesis for extended periods and the rate of sheath cell contractions is also very low [6] .
Further studies showed that sheath cells are in direct communication with oocytes through gap junctions [8] .
A great leap forward for the field came from a landmark study by Miller et al. [9] , who showed that an activity in sperm-conditioned media can stimulate oocyte maturation and ovulation. This activity turned out to be the major sperm protein (MSP), which was previously known as a cytoskeletal protein required for the amoeboid motility of nematode sperm [10] . Further, it was shown using recombinant molecules that MSP provides two distinct signaling activities: an amino-terminal activity promotes oocyte meiotic maturation, while a carboxy-terminal activity stimulates the rate of sheath cell contractions. The question of how MSP gets out of sperm to mediate its signaling function was answered in a recent study [11] which showed that MSP is released from sperm via a novel double-membrane vesicle budding mechanism.
The search for MSP receptors led to VAB-1, a C. elegans ephrin-receptor-related molecule which is also required for development and neuronal organization [12] . Loss of vab-1 function leads to a decrease in recombinant MSP binding to oocytes and higher rates of oocyte maturation and ovulation in the absence of sperm [13] . VAB-1 is sufficient for MSP binding in tissue culture cells [13] ; furthermore, MSP can bind directly to the VAB-1 ectodomain in vitro [14] . Together, these data, along with results from experiments examining downstream events, supports a model in which VAB-1 negatively regulates oocyte maturation in response to binding of an ephrinlike ligand and switches to become a positive regulator upon MSP binding ( Figure 1A ) [15] .
But binding of MSP to VAB-1 on oocytes cannot be the whole story. VAB-1 on oocytes is not required for all MSP binding, and loss of vab-1 function does not abolish the ability to respond to MSP [13] . So there are almost certainly other MSP receptors on oocytes. Further, there are likely other important parallel pathways that regulate both somatic and oocyte events. At least one parallel pathway for sheath cell signaling in oocyte maturation was defined by studies of the POU-homeoprotein CEH-18, which is required for proper differentiation of sheath cells [16] . The rate of oocyte maturation in ceh-18 mutant females is higher than unmated females. Therefore sheath cell function is also required to negatively regulate oocyte maturation and ovulation events ( Figure 1A ).
There clearly remain large gaps in our understanding of how the events leading to ovulation are regulated in the presence and absence of MSP and recent studies have attempted to fill some of these gaps [14, 15] . As they report in this issue of Current Biology, Govindan et al. [14] conducted a genome-wide RNA interference (RNAi) screen for genes required for the regulation of meiotic maturation in the absence of MSP. Using fog-2 mutant 'females', which have low ovulation rates (they make no sperm and hence lack the MSP signal), the authors screened for genes whose knockdown by RNAi resulted in elevated ovulation levels despite the absence of sperm ( Figure 1B) .
This approach identified several new components of the meiotic maturation pathway in both the germ line and soma. As rrf-1 function is required in the soma for successful RNAi, but not in the germ line, testing the candidate genes in an rrf-1 mutant background helped to classify these genes according to their site of action. In the germ line, DAB-1, PQN-19, PKC-1 and VAV-1 were identified as negative regulators of meiotic maturation, potentially via the oocyte ephrin receptor VAB-1 pathway. RNAi knockdown and/or genetic null alleles of dab-1, vav-1, pkc-1 and pqn-19 showed expanded MAPK activation in oocytes of hermaphrodites, similar to that observed in vab-1(null) mutants. Further, vab-1(null) dab-1(null) double mutant females did not show an increase in meiotic maturation over either single mutant, consistent with the fog mutant females lay a few unfertilized oocytes because they lack sperm and thus the MSP signal that induces high rates of meiotic maturation. Providing male-derived sperm can reverse this effect and worms lay many fertilized eggs. RNAi treatment for genes required to negatively regulate rates of meiotic maturation and ovulation causes females to lay more unfertilized oocytes than untreated controls.
hypothesis that they function in the same pathway. DAB-1 protein was shown to localize to the oocyte cortex between adjacent oocytes in the presence of sperm, similar to GFP-tagged VAB-1. Interestingly, DAB-1 is cytoplasmic when no sperm are present. When pqn-19 and pkc-1 null females were examined, they paradoxically did not show any significant increase in meiotic maturation rates and so did not recapitulate their RNAi phenotype. A more detailed analysis even suggested that these genes might, in fact, be positive regulators of oocyte maturation.
In the soma, knockdown of goa-1, kin-2 and gsa-1 -all of which encode components of the G-protein signaling cascade -influenced the rates of meiotic maturation and ovulation. GOA-1 is a heterotrimeric Ga o/i subunit, KIN-2 is the c-AMP dependent regulatory subunit of protein kinase A (PKA) and GSA-1 is the Ga s G-protein subunit. By double knockdowns of these genes in both hermaphrodites and females, it was shown that, while inhibition of the PKA pathway by activation of the Ga o/i subunit (GOA-1) is required for the suppression of meiotic maturation in the absence of sperm, Ga s (GSA-1) signaling is important for the increased ovulations in response to sperm/MSP. CEH-18 is required in sheath cells for the establishment of proper sheath-cell oocyte contacts along with two innexins, INX-14 and INX-22, which are required in the oocyte for gap junction formation. CEH-18, INX-14 and INX-22 are negative regulators of meiotic maturation and were found to antagonize the action of GSA-1, implying that proper communication between sheath cells and oocytes is essential for the GSA-1-dependent sensing of the MSP signal. Finally, it was found that OMA-1 and OMA-2, two TIS-11 zinc-finger proteins required redundantly for oocyte maturation [17] , act downstream or in parallel to all the genes tested with respect to MAPK activation and oocyte maturation.
The identification of several key players in regulating meiotic progression invites a comparison between the molecular mechanisms of oocyte maturation in C. elegans and higher organisms. Previous studies have shown that the integration of signals from the soma and the germ line is a common theme in controlling the exit from meiotic diapause in C. elegans as well as in mammalian species [3, 4] . Govindan et al. [14] have shown that differential signaling from G-protein coupled receptors in C. elegans, as in mammals, influences the oocyte's decision to resume meiosis. The most striking commonality, however, is the complexity of the signaling network involved in all organisms studied to date, requiring the assimilation of information from the soma, the germ line and the environment before the commitment to continue oocyte maturation is made.
The study by Govindan et al. [14] not only advances our understanding of the players involved in the control of oocyte maturation in C. elegans, it also begins an exploration of how the various signaling cascades are integrated into the final output -oocyte maturation. It offers hints about the importance of gap junctions in the communication between the sheath cells (soma) and the oocytes, but the details of this interaction must still be unearthed. The paradox between the RNAi and mutant phenotype of some of the genes (pqn-19 and pkc-1) is unresolved. The receptors for MSP on the oocyte and the sheath cells still require identification, and the assembly of the different molecules implicated in oocyte maturation into functional pathways poses the biggest challenge, given the myriad pathways and components involved.
The power of C. elegans for deciphering the signaling web that leads to meiotic resumption lies in the combination of in vivo studies, real-time observation of physiology in the intact animal, biochemistry, molecular biology, genetics and genomics that can be brought to bear on the problem in this model system. While differences in the specific molecules and cuesmost obviously, the importance of sperm in the stimulation of ovulation in C. elegans -must exist, the use of C. elegans to study this important process will go a long way in our elucidation of what must go right and what can go wrong in the process of oocyte maturation and ovulation.
